ABSTRACT. T he firn stra tifi cation in the accumulation a rea of an alpine glacie r was studied in a 20 m . ~eep, vertical pit dug in the summer of [963 on the K esselwandferner (3,240 m . above sea-level in the Otztal Alps). The firn is traversed by ice layers up to 25 cm. in thickness which have been formed by th e damming up and freezing of melt water. Firn density in creases with depth. At a d ep th of [3 m. (8 yr. o ld firn ) the density reaches 0·80 g./cm. 3 as a mean value of one a nnua l net accumulation. Excluding th e ice layers, the firn reaches a density ofo· 82 g. /cm. 3 in a [ 0 yr. old layer at a depth of [6 m . The firn stratification in relation to seasons was studied by analyses of the pollen content in the lower part of the pit, beginning with the horizon " late summe r [954". The late summer horizons obtained from the firn stratification were confirm ed by the pollen analyses . 
INTRODUCTION
In the summer of 1963 a firn pit was dug to a depth of '20 m. on the K esselwandfern er (3,240 m. above sea-level in the Otztal Alps). The aim of this investigation was to study the firn stratification in relation to the annual net accumulation of previous years. Firn samples were ta ken from all layers and pollen analyses were carried out on som e of them. These sampl es will be examined later for radioactivity resulting from atmospheric fa ll-out.
A R EA OF I NVESTIGATION
The site of the firn pit has been designated L58 by Hoinkes and Rudolph ( 1962, fig. I ) . Since the International Geophysical Year ( 1957-58) the K esselwandfern er h as been included in the mass budget progra mme which was started in 195'2 (Hoinkes and Rudolph, 196'2 ) . This pit is still accessible and can be used for further studies.
In 1956 H. C. Hoinkes dug an 1 I m. deep firn pit at approximately the sam e place in order to study the stratigraphy of the annual net accumulation (Hoinkes, 1957) . At the end of every budget year since 1958, the wa ter-equivalent of the annual net accumula tion of the pas t budget year h as been determined by m easuring the density profile at that loca lity. However, for various reasons this series of m easurem ents is incomplete. By using the ' 2 0 m. d eep pit it was possible to complete the series of studies.
* D edicated to Gera ld Seligman on the occasion of his graduation to the degree ofDI'. Phil. honoris cal/sa in the Universitat Innsbruck.
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DETERMINATION OF THE HORIZONS OF THE ANNUAL LAYERS
Identification of the late summer horizons was comparatively easy, because the approximate water-equivalents of the resp ective accumulation layers were a lready known from density-profile m easurements made during the autumn controls. A dust layer on top of an ice layer which reach ed a maximum thickness of 25 cm . was the best m eans of identifying the late summer horizon. However, in some instances, either the dust layer or the ice layer was absent.
It is not difficult to understand the origin of the characteristics of the annual horizons. The dust layer forms during the ablation period by the d eposition of dust from the rock faces surrounding the firn . The ice layer forms when the free water in the firn freezes at the end of the ablation period. Measurements made by Ambach ( 1963, p. 103) confirm that in the firn layer near the surface the amount of free water is especially large. In the following year, the ice layer thus formed results in slight damming up of m elt water derived from younger firn layers. It is therefore possible that wh en freezing occurs during the subsequent autumn the ice layer may rise, a llowing the depth-hoar of the superimposed annual layer (Hoinkes, 1957) to become solidified. This process could continue until such time as the ice layer b eing investigated h as reached a depth below the range of the winter cold.
For an individual case (the horizon for the " late summer of 1954" ) , the determination of the annual horizon by dust-and ice-layer ana lysis was doubtful. Even though there was a distinct ice layer ( 25 cm. thick), a dust layer was no t visible. As a r esult of poll en analyses carried out by S. Bortenschlager, this ice layer could be clearly recognized as the horizon for the " late summer of 1954".
FIRN S T RATIFICATION AND DENSITY PROFILE
After digging down to a depth of 20 m ., the density profile was d etermined with the aid of a snow sampler (50 cm . thick firn layer was w eighed by using a steelyard. The sample was chosen in such a w ay that the d ensity was as homogeneous as possible. However, thick ice layers were split up and in this case, for calculation of the wa ter-eq uiva lent, their d ensity was assumed to be o· 9 g ./cm ) . D ensity measurem ents could be made as far down as the horizon for the " late summer of 1951 ". The snow sampler used was unsuitable for sampling the deeper ice layers for density m easurem ents. Below the horizon for the " late summer of 195 I " no further horizon co uld be cl early identified by d ensity measurem ents and only stratification was studied in these layers.
Because the previous year's firn layer was considerably disturbed by digging, d ensity m easurem ents were commenced at the horizon for the " la te summer of 1962". However, the density profile of th e previous year's accumulation was studied in a n undisturbed area adjacent to the m a in pit. Figure 1 shows th e density profile o btained by sampling. Ice layers that could not be cut by the snow sampler are shown as a single layer with a density of o· 9 g. /cm . 3 . Thin ice layers could be cut easily with th e snow sampler and they were a lso weighed. The dust layers w ere especially prominent in the profile. Vertical in trusions in the form of small ice pipes were d etected in som e of the layers and they a re indicated as vertical wavy lines (e.g. " horizon 1960" ). The density values below the horizon for the " late summer of 1951 " are only estimated from the ice structure. In the profile above this horizon ten ice layers are thicker than 4 cm . a nd five a re thicker than 10 cm.
After calculation of the water-equival ent of the a nnual net accumulation , the increase in mean d ensity with d epth was determined . The ice layers were included in this calculation . Figure 2 sh ows the m ean density of the a nnual net accumulation plotted against d epth. It cannot be expected that any definite law of densification is obeyed , because the mean density depend s on the number and thickness of the ice layers present in the profile. Densification is not only due to compression but a lso to the form ation of ice layers (Ambach, 1961 ) . After 8 yr. (a t a depth of approximately 13 m .), the d ensity becomes greater tha n 0· 80 g./cm .3. The tra nsition from firn to ice is a continuous process. According to Seligman ( 1941 ) it does no t entail a change of density a nd grain-size. As soon as the air bubbles a nd capillaries in the packed firn begin to coalesce, the firn b ecomes impermeable glacier ice. The transition occurs a t a density of o · 82-0· 84 g. /cm . 3 • This means that the lowermost layers in the pit would have to be regarded as ice. This is confirmed by a further observation. At the bottom of the pit, a t a depth of2 0 m ., a water layer (40 cm .) developed and consequently digging could not be continued . D eep er layers were cl early already completely impermeable and therefore the tra nsition from firn to impermeable glacier ice takes place at a d epth of 15-20 m. If the ice layers are not considered, the firn in the 10 yr. old layer ( 16 m. d epth) has a d ensity of 0 ·82 g. /cm . 3 • However, in the 11 yr. old accumula tion layer below there are layers with a lower density (0 ' 76 g. /cm .3) . Since no porosity m easurements were made, the transition from firn to glacier ice can only be discussed in terms of a comparison of densities.
WATE R -EQUIVAL ENT S Figure 1 shows the wa ter-equival ents, thicknesses of layers and the average firn d ensities . T a ble I gives both the water-equivalents determined and a comparison with water-equivalents d etermined during the annua l autumn controls for the a nnual n et accumulation a s far back as the horizon for the " late summer of 1956" . c Valu e un certain.
• Professor H . C. Hoinkes kindly provided these unpublish ed data for com parison purposes.
The accumulation for the budget year 1962-63 can be given with close approximation. The density profile m easured during the autumn control (on 1 October 1963) contained 45 cm. of fresh snow which had accumulated after the middle of August. In this case the dust horizon marked th e end of the long period of fine weather in the summer of 1963, i.e. about mid-August. Therefore, a dust horizon does not necessarily indicate the end of the budget year with r es pect to the whole glacier.
For the purpose of comparison, the water-equivalents of the pit and those of the autumn controls are shown in Figure 3 . The 1962-63 accumulation was th erefore not taken into consideration for the reason given above. The data for the annual net accumulation which could not be determined at exactly the end of th e budget year, i. e. 1959-60 and 1955-56, were completed by the results obtained from the pit. Th e water-equivalents d erived from the pit and those m easured during the autumn controls agree quite satisfactorily. The tota l waterequivalent from the late summer of 1955 until the late summer of 1962, as determined in the pit, amounts to 8,860 mm . water , and the sum of the m easurements during th e autumn controls is 8,960 mm. water. The difference between the two sets of measurements is only 100 mm. water ( 1' 2 per cent) .
Since th e layers in the 1963 and 1956 pits partly overlap, a comparison is also possibl e for the overlap zone. The water-equivalents of th e net accumulation during those years are generally small . Due to local differences in the net accumulation, the respective horizons are displaced as regards their d epths and therefore a positive identification of horizons and th eir correlation between the two pits is not possible.
The identification of the horizons " late summer of 1950" and " late summer of I 949" is vague in the 1963 pit, as they were d etermined only by pollen analyses and they w ere not positively confirmed stratigraphically. However, a 13 cm. thick ice layer, which lacks definite impurities, could be identified as the horizon for the " late summer of 1950". A partly brownish ice band was identified as th e horizon for the " late summer of 1949". Pollen analyses offirn samples were carried ou t by S. Bortenschlager (Bota nisches Institut der Universitat Innsbruck) in order to control the lower late summer horizons beginning with that for the " late summer of 1954". Figure I gives the numbers and locations of the samples studied and Table II shows the results of the pollen analyses. In order to control the horizon for the " late summer of 1954", a sample (39) from a firn layer just above this horizon and two further samples (37, 38) from a firn layer just below this horizon were studied . The upper sample (39) contained mainly autumn poll en and no spring pollen , but the two samples taken from below this horizon (3 7, 38) contained mainly spring and summer poll en. Therefore, the ice layer a t a depth of 15.80 m . was confirmed as the horizon for the " late summer of 1954".
SamJ)lc
Ho rizon Jor the" late summer oJ [953"
To control the horizon for the " late summer of 1 953", a sample (36) which had been taken between 10 and 60 cm . above this horizon was studied. This layer could be regarded as a winter layer, because of its small amount of pollen and dust. Only a few displaced pollen grains were found. A furth er sample (35) taken from a depth of between 10 and 50 cm. below the horizon for the " late summer of 1953" was also analysed. This layer could be identified as a spring layer because of its anemogamous tree pollen content. The horizon for the " late summer of 1953" which had already been recognized from the firn stratification was therefore confirmed by pollen analysis.
H orizonJor the " late summer of [952"
Sample 34 was taken from a depth of between 15 and 65 cm. above the horizon for the " late summer of 1952". The result obtained by pollen analysis proved that this was a winter layer, which agreed with th e stratigraphic analysis.
H orizon Jor the " late summer of [95 I "
Between the horizons for the " late summer of 1 952" and the " late summer of 1 95 I" a sample (33) which covered the whole of what was presumed to be the annual net accumulation was studied. In addition to spring pollen it also contained summer and autumn pollen. Therefore, th e horizon for the " late summer of 1 95 I " was confirmed by pollen analysis. The large amount of dust in the sample also confirmed this interpretation.
H orizon Jor the" late summer of [950"
A sample (57) taken from 10-30 cm. below the horizon for the " late summer of 1951 " contained both summer and autumn pollen . On the basis of the stratigraphic analysis of firn at this d epth, an ice layer without a distinct dust content could be recognized at 18·80 m . But when a microscopic examination was carried out a particularly large number of dust particles was found in the sample. Consequently, the upper margin of the ice layer, at a depth of 18·80 m ., was in terpreted as the horizon for the " late summer of 1950".
H orizonJor the " late summer of [949"
Sample 59, taken from between 40 and 70 cm . below the horizon for the " la te summer of 1950", lay beneath a partly brownish ice band. Pollen analysis confirmed that this layer had been formed b etween spring and late summer. Microscopic analysis revealed a high percentage of dust. Therefore, the brownish ice band can be regarded as b eing the horizon for the " late summer of 1949".
Sample 60 was taken from the lowest compacted ice layer at a depth of 20 m. The pollen and dust content of the sample was small and only a few late summer and spring pollen grains were found. On the basis of these findings this ice layer was regarded as a winter accumulation. However, the identification of the horizon below this was uncertain , since the distance between samples 59 and 60 is too great.
F. Purtscheller and G. Eisbach er (Institut fur Mineralogie und Petrographie der Universitat Innsbruck) attempted to study the ice fabric microscopically. Precisely orientated preparations were necessary for this experiment in order to obtain a statistical orientation of th e optic axes (c-axes) of the individual crystals. The crystals (1-3 mm. ) in the samples w ere too small to follow exactly the mcthod of preparation described by Bader and Rigsby (Rigsby, (960) . The prevailing local temperature caused rapid melting to such a degree that it was impossible to measure the number of grains in th e field n ecessary for statistical purposes, especially since the grain-size was already small in relation to the thickn ess of the section. As far as could be observed, the porosity of a sample of normal firn from a depth of 20 m. is still so high that greater preferred orientation of the individual crystal optic axes is not likely to exist.
TECHNICAL DATA
The cross-section of the pit (2 m. in diameter) was approximately circular and it was dug with the aid of a spade, a shovel and a pick-axe. It was only possible to use a pneumatic drill for a short time and not much time was gained from the use of this device. A tripod made of iron rods was positioned over the pit and the spoil was pulled up with the aid of a double pulley. After the studies had been completed the pit was covered and it will probably be preserved for future experiments. Transport of the apparatus and cargo to and from the pit was carried out by a Piper Supercub a eroplane provid ed by the Austrian Ministry of the Interior.
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